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Abstract 
A fundamental aspect of concentrating solar power is the ability to compute the position of the sun within a desired accuracy and 
speed. There are many algorithms from which to choose, and these algorithms range from quite simple to fairly complex. The 
tradeoff is one of code size, complexity and speed vs. accuracy. The solar plant designer must evaluate the available models and 
choose the best fit. Tietronix Software has developed a software called TieSOL::SolTime to assist the designer in this process.  
 
TieSOL::SolTime is an innovative tool that provides instantaneous sun (and moon) position data, to varying precisions, between 
the years 1753 and 6000. More importantly, TieSOL::SolTime also allows the designer to graphically compare sun position 
algorithms. Built in to TieSOL::SolTime are ten baseline models, ranging in accuracy from 36 to 0.01 arc seconds. The user can 
select two algorithms and graphically compare the evolution and behavior of the sun position vector components, range, right 
ascension, declination, ecliptic latitude and longitude, and azimuth and elevation angles over a user-defined time span, at a user-
specified step size. Furthermore, the user can evaluate their own algorithm by importing an ephemeris file. Errors, abnormalities 
and numerical instabilities in a proposed algorithm can be easily identified.  
 
TieSOL::SolTime utilizes the GPU as well as all CPU cores, generating sun ephemerides as fast as 95 million vectors per second 
at the 36 arc second level of accuracy. Comparing two algorithms at 1 arc second precision, over a 30 year period with a time 
step size of 5 minutes, takes less than 20 seconds.  
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1. Introduction 
A fundamental aspect of concentrating solar power is the ability to compute the position of the sun within a 
desired accuracy and speed. There are many sun position algorithms from which to choose, and these algorithms 
range from quite simple to fairly complex. The solar plant designer must evaluate the available models and choose 
the best fit. When choosing an algorithm, it is not clear what the instantaneous accuracy is. Sometimes a high 
accuracy algorithm is used when it may not be needed, or a low accuracy algorithm is used without clearly 
understanding the effect it has on plant efficiency.  
 
To assist the designer in this process, Tietronix Software has developed a tool called TieSOL::SolTime. This tool 
gives the designer full visibility into the behavior of a given sun position algorithm by allowing it to be graphically 
compared to a known standard -- the highly accurate VSOP87. In fact there are ten published sun position algorithms 
implemented in the tool, and they can be compared to one another as well as to a user-provided ephemeris file. 
 
Following the heritage of the TieSOL suite of tools [9], TieSOL::SolTime leverages the computational power of 
graphical processing units (GPUs) and multi-core CPUs. The software is built upon several technologies: the math 
models are implemented in CUDA and C++, while the user interface is written in C#. The required hardware 
platform is a Windows 7 computer containing one or more NVIDIA graphics cards. A minimum of 12 GB of RAM 
is recommended. In the following sections we describe the software features and capabilities. 
 
The heart of the software is sun and moon positioning in a variety of representations: 
x Real-time topographic, geocentric, geographic, and selenographic 
x Near-term rises, transits, and sets 
x Near-term lunar apogee and perigee 
x Yearly solstices and equinoxes, aphelion and perihelion 
 
A number of sun and moon position algorithms are provided: 
x Jensen [1], a low accuracy formula for sun position which assumes that ecliptic latitude is zero, and is accurate to 
about one arc minute (0.016 degrees) within five centuries of the year 2000. 
x Meeus [2], both the low and "higher" accuracy methods presented in Chapter 24. The low accuracy method is 
accurate to within 36 arc seconds (0.01 degrees), and includes a "low accuracy" correction for longitude in 
nutation and aberration. The higher accuracy method is a simplified VSOP87, together with Meeus's version of 
the 1980 IAU theory of nutation. This yields sun positions to within 1 arc second (1/3600 degrees). Note that this 
higher accuracy method is also the basis of the NREL [8] sun position algorithm. Meeus's moon position 
algorithm is also implemented, providing accuracy to 10 arc seconds in longitude and 4 arc seconds in latitude. 
x Bretagnon and Francou [3], the highly accurate VSOP87 ("Variations Séculaires des Orbites Planétaires" or 
secular variations of the planetary orbits) theory. Consisting of 2425 periodic terms for ecliptic longitude, latitude 
and radius vector, it yields an accuracy "better than" 0.01 arc seconds (4.8x10-5 mrad), and is second only to the 
JPL ephemeris in terms of accuracy. 
x Grena [4], a collection of five simple algorithms of varying accuracy, the most accurate one about 10 arc seconds  
(0.0027 degrees) between the years 2010 and 2110.  
x Duffie/Beckman [5], a very low accuracy sun position algorithm providing azimuth and elevation to within 2.25 
degrees and about 1.3 degrees, respectively. 
x Duffett-Smith [6], a low accuracy moon position algorithm with an error of up to 12 arc minutes (0.2 degrees) in 
ecliptic coordinates. 
 
Represented time systems include: 
x UTC (Coordinated Universal Time) 
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x Solar Time 
x Mean Solar Time 
x Sidereal Time 
x TAI (International Atomic Time) 
x TDT (Terrestrial Dynamical Time) 
 
As shown in Fig. 1, the TieSOL::SolTime user interface is divided into several panels: Inputs, International 
Atomic Time, Sun Positioning and Pointing, Moon Positioning and Pointing, Times & Angles, Solar Dates and Data, 
Sun Model Comparison, Plot Data, and Selenocentric Data. A brief description of each panel is given in the 
following sections. 
 
 
Fig. 1. The TieSOL::SolTime user interface. 
1.1. Inputs 
Time is input in either UTC or solar time. The observer's topodetic position is specified in WGS84 latitude, 
longitude, and elevation. 
1.2. International atomic time 
Here the current TAI-UTC offset is specified. This is basically a count of leap seconds. TieSOL::SolTime 
internally maintains a list of leap seconds dating back to June 30, 1972. 
1.3. Sun position and pointing 
In this panel, TieSOL::SolTime provides the geocentric sun vector, in the true equator and equinox of date 
reference frame. The sun's topodetic vector is given in the South-East-Zenith reference frame. Other parameters 
include the sun's declination and right ascension, distance, angular size, light travel time, azimuth, elevation (with 
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and without refraction), and the time rates of change of azimuth and elevation. The correction for refraction is an 
approximation that assumes an atmospheric pressure of 1010 millibars and a temperature of 10 C (50 F) at sea level 
altitude. The user can also select different sun position algorithms and display the differences in all of the above 
parameters. 
1.4. Moon position and pointing 
In this panel, TieSOL::SolTime provides the geocentric moon vector, in the true equator and equinox of date 
reference frame. The moon's topodetic vector is given in the South-East-Zenith reference frame. Other parameters 
include the moon's azimuth, elevation, slant range, phase, distance (Earth center to moon center), and the instances 
of the next several apogees and perigees. The times of the upcoming rise, set, and transit, as well as the azimuths at 
rise and set, are also shown. 
1.5. Times and angles 
In this panel, TieSOL::SolTime displays the current UTC, TDT, Julian Date, Greenwich mean sidereal time, 
Greenwich apparent sidereal time, the equation of time (both a common approximation and the value according to 
the full theory given in [7]), local mean solar time, local (apparent) solar time, the times of sunrise and sunset and 
their azimuths, and the lengths of day and night, as well as their rate of change. The current true ecliptic obliquity is 
also shown. While this list is by no means comprehensive, it does include the majority of parameters that a 
developer of software for concentrating solar power would find useful. 
1.6. Solar dates and data 
In this panel, TieSOL::SolTime displays for the current date each of the following: the local mean solar time of 
solar noon (and the sun's elevation at that moment), the local mean solar time of solar midnight (and the sun's 
elevation at that moment), the height above the observer of the shadow boundary (if not in daylight), the equinoxes 
and solstices for the current year (to a hundredth of a millisecond precision), the sun's current geographic latitude 
and longitude, and the Earth's perihelion and aphelion for the current year. 
1.7. Sun model comparison 
In this panel, TieSOL::SolTime gives the user the ability to compare the accuracy and performance of any of the 
built-in sun models. Rather than deriving the theoretical differences in the math models, TieSOL::SolTime generates 
an ephemeris for each selected model, at the user-specified step size and over the desired time span, and then 
differences the two ephemerides. The time step size can be varied in one-second intervals over the range of one 
second to 999 days. The difference is then plotted, thus giving the user real-world performance and accuracy 
information. To compare an external sun model, i.e., one that is not implemented in TieSOL::SolTime, a properly 
formatted ephemeris can be imported and differenced. 
 
This is the feature of primary interest in this paper. With this capability, the user can easily evaluate the accuracy 
and performance of any sun position algorithm. 
1.8. Selenocentric data 
In this panel, TieSOL::SolTime allows the user to compute the topocentric sun vector, as well as the sun azimuth 
and elevation, relative to the lunar surface. The optical and physical librations in latitude and longitude are shown. 
The software uses a flattening of 1/900 and an equatorial radius of 1738140 meters for the lunar ellipsoid. 
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2. Performance 
TieSOL::SolTime is a high-performance GPU-based software. The computational speed is related to the 
complexity of a given sun position algorithm, but for long time frames (tens of years) the transfer of large quantities 
of data (e.g., from the host to the device and back, and from the engine to the UI) becomes the bottleneck. In terms 
of raw compute power, on the NVIDIA GeForce GTX-680 graphics card the software generates 154 million sun 
vectors per second with the simplest sun position algorithm, Duffie/Beckman. For the very complex VSOP87 (with 
the 1980 IAU nutation), the software generates 1.8 million vectors per second. 
 
In Fig. 2 we have a comparison of sun azimuth based on VSOP87 and Grena-1 at 6 minute intervals over a period 
of one year. The VSOP87 ephemeris was generated in 73.6 milliseconds, and the Grena-1 ephemeris was generated 
in 0.77 milliseconds. The entire operation, consisting of the computation of 175,200 geocentric sun vectors, 
topodetic sun vectors, azimuths and elevations was completed in 0.966 seconds. A ~19.5 mrad difference occurs 
around the beginning of each year. 
 
 
Fig. 2. Sun azimuth comparison between VSOP87 and Grena-1 at 87,600 times between 01 Jan 2010 and 01 Jan 2011. 
In Fig. 3 we have used an annotations feature to mark local minimums. While there are no graduations on the 
graph itself, moving the mouse over the graph causes the values for the points under the mouse to be displayed in 
the "Plot Data" section (cf. Fig. 4). 
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Fig. 3. Annotations placed at local minimums. 
 
Fig. 4 is a comparison of Jensen and Meeus azimuths, every 10 minutes for 50 years, and shows a repeating 
difference with a period of approximately 18 years and a peak amplitude of ~1.48 mrad. 5.2 million sun position 
vectors were generated in 51 milliseconds on the GPU. The total operation, including graphical output, was 
completed in 15 seconds. 
Two time scales can be used during comparisons: UTC and solar time. In Fig. 5 - 6, we can see the usefulness of 
a one solar-day step size. Fig. 5 depicts the difference between Jensen and Meeus high accuracy azimuths over a 
period of 5 years, every data point is at solar noon (plus or minus one second, owing to the approximation used for 
the equation of time). 
Fig. 6 graphs the difference in elevation (Jensen v. Meeus high accuracy) every day at solar noon for 25 years, 
showing a long period error. The largest difference is on the order of 0.1 mrad.  
Fig. 7 shows a 100-year comparison of Meeus (low accuracy) and VSOP87 algorithms in terms of ecliptic 
longitude, the max difference being 0.1717 mrad, or 35.4 arc seconds -- within the advertised 36 arc second 
accuracy. A 200-year comparison of Meeus (high accuracy) and VSOP87, in 30 minute time steps, yielded a 
maximum difference of  0.0237 mrad in azimuth and 0.00289 mrad in elevation. The average difference in azimuth 
was only 0.0007 mrad, and the average difference in elevation was just 0.00047 mrad. The accuracy claims, 
however, are in terms of ecliptic longitude, and Meeus [2] claimed 1 arc second accuracy. In the 200 year 
comparison, the maximum difference in ecliptic longitude (reduced to the FK5 system, corrected for nutation in 
longitude and obliquity, and corrected for aberration) was 0.609 arc seconds. A 1000 year comparision, which 
involved generating over 35 million sun position vectors, showed a maximum difference of 0.739 arc seconds in 
ecliptic longitude (the average being only 0.122 arc seconds). Well within the claim made in [2]. 
These results also give the authors of this paper validation that the software implementation of the sun position 
algorithms is correct and numerically stable. 
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Fig. 4. Comparison of Jensen and Meeus azimuths every 10 minutes for 50 years. 
 
 
 
 
Fig. 5. Difference between Jensen and Meeus azimuths over a period of 5 years. Each data point is within a second of solar noon. 
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Fig. 6. Sun elevation every day at solar noon for 25 years, showing a long period error. The largest difference is on the order of 0.1 mrad. 
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Fig. 7. A 100-year comparison of Meeus and VSOP algorithms in terms of ecliptic longitude, the max difference being 0.1717 mrad, or 35.4 arc 
seconds -- within the advertised 36 arc second accuracy. The standard deviation is 0.049 mrad. 
 
3. The NREL sun position algorithm - a case study 
The NREL [8] sun position algorithm is probably the most used sun position algorithm in the industry. It is a 
faithful implementation of the Meeus [2] "higher accuracy" method, complete with Meeus's adaptation of the 1980 
IAU nutation model. Meeus's "higher accuracy" method itself is a simplification of Bretagnon and Francou's [3] 
VSOP87 theory. With this clear lineage, the behavior of the NREL code should be familiar.  
 
Using the code documented in A.6 - A.7 of reference [8] and evaluated in TieSOL::SolTime against the Meeus 
"higher accuracy" method, in 30 minute time steps from Jan 2010 to Jan 2050, the maximum differences were: 
x azimuth:  0.00125 mrad at 45 N. latitude, V= 0.0002 
x elevation (not corrected for refraction): 0.000469 mrad, V= 0.000278 
x ecliptic longitude: 0.00044 mrad (0.09084 arc seconds), V< 1x10-6 
x ecliptic latitude: 2.68x10-4 mrad, V= 0.00019 
 
The Meeus ecliptic coordinates were reduced to the FK5 system, corrected for nutation in longitude and 
obliquity, and corrected for aberration. Omitting the reduction to FK5 from TieSOL::SolTime, it and NREL fall into 
almost perfect agreement: 
 P. Armstrong and M. Izygon /  Energy Procedia  49 ( 2014 )  2444 – 2453 2453
x azimuth: 1.72x10-5 mrad, V= 0.000004 
x elevation (not corrected for refraction): 1.34x10-5 mrad, V= 0.000005 
x ecliptic longitude: 2.47x10-6 mrad (0.00036 arc seconds), V= 0.000001 
x ecliptic latitude: 2.96x10-14 mrad, V< 1x10-6 
 
Compared against the full VSOP87, the maximum difference in the NREL ecliptic longitude increased to 0.0025 
mrad (0.5148 arc seconds), with standard deviation 0.000631 mrad. 
 
There were no gross outliers, discontinuities, or signs of numerical instability in the NREL algorithm. 
 
4. Conclusion 
 
We have presented a very fast GPU-based software that makes direct comparisons of sun position algorithms 
possible on a scale that is not practical with traditional single-threaded applications, or even multi-core CPU 
implementations. Table 1 offers a summary of the computational performance, from Jan 2010 to Jan 2050 in 10 
minute time steps (n = 2,103,840 vectors). The maximum difference in azimuth and elevation, as compared to 
Meeus's "higher accuracy" method, is shown along with the standard deviation in each (all angles in milliradians). 
 
 
 
 
 
 
 
 
 
Table 1. Performance of algorithms as compared to Meeus High 
 
It is worth noting that the code for the Grena-5 algorithm, referenced throughout this paper and in Table 1 above, 
is quite small, approximately 100 lines, compared to the code for the Meeus high accuracy algorithm, which is 
around 340 lines long (plus 115 lines for nutation). Yet the Grena-5 algorithm out performs Meeus High, in the 100 
year time span for which Grena-5 is valid, by a factor of 14 while retaining excellent agreement in azimuth and 
elevation.  
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Algorithm Vectors/Second Delta Az V Delta Elev V 
Jensen 99 million 0.7326 0.0921 0.2732 0.0786 
Duffie/Beckman 153 million 21.04 6.195 24.722 5.613 
Meeus Low 91 million 0.4014 0.0556 0.1483 0.0386 
Meeus High 5.1 million - - - - 
VSOP87 1.8 million 0.0057 0.0007 0.00216 0.0005 
Grena-1 117 million 6.564 1.952 3.312 1.864 
Grena-2 92 million 1.551 0.27 0.5402 0.15 
Grena-3 99 million 0.387 0.057 0.1491 0.036 
Grena-4 93 million 0.4025 0.054 0.1469 0.029 
Grena-5 71 million 0.10005 0.016 0.0389 0.009 
